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ABSTRACT
We calculated an atmospheric grid for hot mini-Neptune and giant exoplanets, that links astrophys-
ical observable parameters- orbital distance and stellar type- with the chemical atmospheric species
expected. The grid can be applied to current and future observations to characterize exoplanet at-
mospheres and serves as a reference to interpret atmospheric retrieval analysis results. To build the
grid, we developed a 1D code for calculating the atmospheric thermal structure and link it to a pho-
tochemical model that includes disequilibrium chemistry (molecular diffusion, vertical mixing and
photochemistry). We compare thermal profiles and atmospheric composition of planets at different
semimajor axis (0.01≤a≤0.1AU) orbiting F, G, K and M stars. Temperature and UV flux affect
chemical species in the atmosphere. We explore which effects are due to temperature and which due
to stellar characteristics, showing the species most affected in each case. CH4 and H2O are the most
sensitive to UV flux, H displaces H2 as the most abundant gas in the upper atmosphere for planets
receiving a high UV flux. CH4 is more abundant for cooler planets. We explore vertical mixing,
to inform degeneracies on our models and in the resulting spectral observables. For lower pressures
observable species like H2O or CO2 can indicate the efficiency of vertical mixing, with larger mixing
ratios for a stronger mixing. By establishing the grid, testing the sensitivity of the results and com-
paring our model to published results, our paper provides a tool to estimate what observations could
yield. We apply our model to WASP-12b, CoRoT-2b, XO-1b, HD189733b and HD97658b.
Subject headings: planetary systems – planets and satellites: atmospheres
1. INTRODUCTION
Characterization of hot mini-Neptunes (planets with
masses larger than 10 M⊕ and a primary atmosphere)
and giant planets’s atmospheres has been shown for
transiting exoplanets, either by secondary eclipse mea-
surements or by transmission spectroscopy (see e.g.
Seager & Deming (2010), and references therein). Some
chemical species (Na, CO and H2O) have been con-
firmed to exist in the outer atmosphere of some tran-
siting exoplanets. Sodium lines were detected for HD
209458b (Charbonneau et al. 2002) and HD 189733b
(Redfield et al. 2008). For HD 209458b carbon monox-
ide (Snellen et al. 2010) and water (Deming et al. 2013)
were observed. For HD 189733b, CO was also de-
tected (de Kok et al. 2013). Carbon monoxide was also
found in the atmosphere of tau Bootis b (Brogi et al.
2012), water in XO-1b (Deming et al. 2013) and both
CO and water vapor was detected in HR 8799c ’s at-
mosphere (Konopacky et al. 2013). These detections
along with atmospheric parameter retrieval using broad-
band photometric data (e.g.,Stevenson et al. (2010);
Madhusudhan & Seager (2011); Line et al. (2013)) ex-
plore the underlying chemistry in hot exoplanet atmo-
spheres, showing a variety of atmospheric composition of
hot exoplanets.
Our paper explores the change in chemical atmospheric
miguel@mpia.de
species in the observable region of the atmosphere, as
a function of astrophysical observable parameters, like
orbital distance as well as stellar type. We devel-
oped a 1D code for calculating the thermal profile and
link it to an atmospheric model (see Kopparapu et al.
(2012)) to explore the atmospheric chemistry of exo-
planets. We perform simulations comparing thermo-
chemical equilibrium to disequilibrium chemistry driven
by vertical mixing, molecular diffusion and photochem-
istry, in order to explore the differences in the at-
mospheres (see, Hubeny & Burrows (2007) for a study
on disequilibrium chemistry in brown dwarfs’ atmo-
spheres). Most of the photochemical models developed
in the last years were applied to specific highly irradi-
ated exoplanets, like the hot giant planet HD 209458b
(Liang et al. 2003; Moses et al. 2011; Venot et al. 2012)
and HD 189733b (Line et al. 2010; Moses et al. 2011;
Venot et al. 2012). Other studies explored CoRoT-2b,
XO-1b and WASP-12b (Moses et al. 2012) and WASP-
12b (Kopparapu et al. 2012). Adopting some simplifi-
cations, like the imposition of chemical equilibrium at
an arbitrary lower boundary and the assumption of con-
stant temperature in the entire atmosphere, Zahnle et al.
(2009a,b) used their photochemical kinetic code, to per-
form the first parameter space explorations in the study
of hot giant planet atmospheres. Zahnle et al. (2009a,b)
studied photochemistry of sulfur products for planets
with different temperatures and showed photochemical
2models for planets with three different temperatures:
800, 1000 and 1200 K, including variations in the eddy
diffusion coefficient and different metallicities (0.7 ≤
[M/H] ≤ 1.7) for a planet located around HD 189733,
respectively.
Photochemical models in the literature, explain the
chemistry for specific planets, but do not explore broader
trends as a function of stellar flux and semimajor axis of
hot planets and their atmospheric chemistry. In this pa-
per we present a parameter space exploration, linking
astrophysical observables like orbital distance and stellar
spectral type with the change in mixing ratios of chemi-
cal species in hot exoplanet atmospheres. Different ver-
tical mixing in the atmospheres is also explored, show-
ing possible degeneracies in the mixing ratios of chem-
ical species. We present a grid of thermal profiles and
photochemical mixing ratios of short orbital period H-
dominated exoplanet atmospheres, in order to explore
what to expect in future observations. Our grid shows
planets with semimajor axis of 0.01, 0.015, 0.025, 0.05
and 0.1 AU orbiting different host stars (F, G, K and
M).
Section 2 describes our model, section 3 presents our
results - for five known extrasolar planets (3.1) as well as
for the whole grid (3.2). Section 4 discusses the influence
of vertical mixing (4.1), clouds and hazes (4.2), the pro-
file adopted for the thermal structure (4.3) and different
elemental abundances (4.4) on our results and section 5
summarizes the paper.
2. THE MODEL
The study of hot exoplanet atmospheres is a com-
plex problem that requires understanding of the ther-
mal structure, photochemistry and hydrodynamics of the
planetary atmosphere. In this paper we developed a
1D model for calculating thermal atmospheric profiles,
described in section 2.1 and link it to an atmospheric
chemical model developed for studying WASP-12b and
differences between the photochemical and thermochem-
ical equilibrium models (see, Kopparapu et al. (2012)).
The model takes the effect of photochemistry induced by
stellar irradiation, considering equilibrium and disequi-
librium chemistry as well as vertical diffusion and molec-
ular diffusion into account. In this section we describe
the model used for computing exoplanet atmospheres.
2.1. Thermal profile of the atmosphere
For the atmospheric thermal structure, we developed
a 1D model for highly irradiated exoplanets, which as-
sumes a gray atmosphere in hydrostatic equilibrium
(Hansen 2008; Guillot 2010; Burrows & Orton 2010). We
focus on modeling the upper observable region of the at-
mosphere where the opacities are low and therefore we
neglect convection and assume a pure radiative model
(see Section 4).
The upper region of the atmosphere is characterized
by temperatures significantly smaller than the effective
temperature of the star, therefore we can assume that
both radiation fields are decoupled and adopt character-
istic mean opacities for each one. Assuming that the
thermal contribution from the atmosphere in the visible
is negligible, the model employs a two-stream approxi-
mation, that treats the absorption of stellar irradiation
(shortwave) and the subsequent reradiation (longwave)
separately.
Assuming isotropic radiation, the average temperature
profile in the atmosphere as a function of the optical
depth (τ) is computed in equation 1 (Guillot 2010):
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where Tint is the internal temperature of the planet and
Tirr is the irradiation temperature, that characterizes the
flux received from the star and is proportional to the
equilibrium temperature (Teq). The proportionality con-
stant is f−1/4, where f has a value of 14 when assuming
global average over the entire planetary surface. γ is
the greenhouse factor defined as the ratio between mean
opacities in the short and long wavelengths. γ < 1 im-
plies that the stellar radiation is more transparent than
the emerging one, while a value of γ > 1 implies a more
opaque atmosphere. We follow Guillot (2010) and adopt
a value of γ = 0.6
√
Tirr
2000 and a thermal mean opacity of
κth = 10
−2g/cm2 for the hottest planets. For the coolest
planets in our grid (Teq ≃1000 K), we use γ=0.07 and
the same value of κth (following Miller-Ricci & Fortney
(2010) for GJ 1214b).
In our model we divide the atmosphere in 100 layers
between 10−7 and 100 bars, with the high pressure level
chosen to show the transition between the region of chem-
ical equilibrium and disequilibrium in the atmosphere.
Finally we integrate the equation of hydrostatic equilib-
rium at each step for the pressure structure calculation
using equation 2:
dP
dz
= −gρ (2)
where the change in pressure (P ) with heigh (z) is equal
to the density (ρ), multiplied by the gravity of the planet
(g, set to be a constant in the thin upper region we are
modeling).
2.2. Atmospheric chemistry calculations
In our models, we assume a C/O=0.54 and solar
elemental abundances, following Asplund et al. (2005).
We calculate the equilibrium abundances at each
temperature-pressure level, based on the minimization
of Gibbs free energy, solving simultaneously the sys-
tem of chemical equilibrium equations to derive equilib-
rium mixing ratios as shown in White et al. (1958). We
use those values as initial conditions and recalculate the
mixing ratios using photochemistry and disequilibrium
chemistry.
To compute the photochemical mixing ratios, we use a
1D photochemistry code developed by Kopparapu et al.
(2012) for WASP-12b that includes disequilibrium chem-
istry driven by photochemistry, molecular diffusion and
vertical mixing. The photochemistry code employs the
reverse Euler method in order to solve the system of dif-
ferential equations that determines the mixing ratios of
all species at different heights in the atmosphere, adopt-
ing as lower boundary condition the mixing ratios of the
3species at thermodynamic equilibrium and zero flux for
all the long-lived species at the upper boundary. Our
models include 19 chemical species (O,O(1D), O2, H2O,
H, OH, CO2, CO, HCO, H2CO, CH4, CH3, CH3O,
CH3OH, CH, CH2, H2COH, C, H2) in 179 reactions. The
reaction list adopted in this code allows us to perform
simulations in hot regimes, for 700.T.2800 K, note that
kinetic rates might not be reliable at temperatures higher
than 2800K. Our model grid covers planets with equilib-
rium temperature from 2800 K to 700 K, cooler planets
will be explored in a future paper. The complete list
of chemical reactions can be found in Kopparapu et al.
(2012) and for detailed information about the numerical
analysis used in the code see Pavlov et al. (2001).
Vertical mixing time scale is parametrized using the
eddy diffusion coefficient (KZZ), as usual in 1D pho-
tochemical models (Line et al. 2010; Moses et al. 2011,
2012). In our calculations we use a nominal value
of KZZ = 10
9 cm2/s, which is a value adopted by
Moses et al. (2012) and explore the dependence of the
results on this parameter in section 4.1. This coefficient
is a big uncertain in 1D models and a different value can
lead to significantly different results (see section 4.1).
3. RESULTS
We first apply our model to five known extrasolar plan-
ets in this temperature range and compare our results to
the four atmospheric models published (section 3.1). We
show the first model developed specifically for the re-
cently discovered HD 97658b (section 3.1.5). Then, we
show a grid of planet models, that can be used for hot
planets ( 700< Teq <2800 K) with a solar composition
H-dominated atmosphere (section 3.2).
The planets modeled in our paper are shown schemat-
ically in Figure 1, which shows the stellar effective tem-
perature vs semimajor axis of the planets assuming a
planetary albedo of 0.01 (see e.g., Rowe et al. (2008);
Burrows et al. (2008); Sudarsky et al. (2000)). The in-
verted triangles indicate the known planets modeled (sec-
tion 3.1) and the dots the sample planets in the grid
(section 3.2), with a color scale according to their equi-
librium temperatures (Teq = Teff,⋆
(
(1−A)R2
⋆
4a2
) 1
4
, where
A is the planet albedo, set to 0.01 here). Hotter planets
are shown in blue, cooler planets in yellow. Planets with
temperatures below 700 K (e.g. a=0.05 and 0.1 around
an M star, and a=0.1 AU orbiting a K star) or above
2800 K (e.g. a=0.01 AU orbiting a G star and a=0.01
and 0.015 around an F star) have equilibrium temper-
atures which are beyond the temperature range of our
model (see section 2.2).
3.1. Application of our model to known extrasolar
planets
We calculate thermal and photochemical models for
five known exoplanets. We use the four published models
to compare our results and validate our model. CoRoT-
2b, WASP-12b, XO-1b and HD 189733b fall within the
temperature range of our model. Table 1 shows the main
characteristics of these planets and references to recent
atmospheric calculations for comparison to our results.
Table 2 gives the corresponding stellar information. As
seen in the tables, these four planets have semimajor axis
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Fig. 1.— Semimajor axis vs. stellar effective temperature for the
planets and stars adopted in this paper. The dotted lines show the
approximate limits in planetary equilibrium temperature modeled.
The dots and triangles represent the planets modeled shown in
different color palette according to their equilibrium temperature
with hotter planets shown in blue while cooler planets shown in
yellow.The 5 known extrasolar planets modeled in this paper are
indicated with inverted triangles.
between 0.01 and 0.1 AU, orbit stars with effective tem-
perature between 3800 and 7000 K and have a potentially
H-dominated atmosphere. Cooler planets like GJ 1214b
and GJ 436b were also studied (Miller-Ricci & Fortney
2010; Moses et al. 2013), but they have cool tempera-
tures that put them outside the range of our study. We
also applied our results to HD 97658b, whose discovery
was recently announced (Dragomir et al. 2013), where no
atmosphere models exist to compare to yet.
For the four exoplanets with published photochem-
ical models we use the same stellar flux libraries as
in Kopparapu et al. (2012), to facilitate the compar-
ison. HD 189733b is orbiting a K2V star, as tem-
plate we use HD 22049 (following Segura et al. (2003);
Kopparapu et al. (2012)). CoRoT-2b, WASP-12b and
XO-1b orbit G0 stars, for these planets we use G0 spectra
from Pickles stellar spectral flux library (Pickles 1998).
For HD 97658b, there are no thermal or photochemi-
cal models to compare to, therefore we use as input
one of the stars used in our grid, with Teff,⋆ =5000 K,
R⋆ = 0.8R⊙ (Rugheimer et al. 2013).
Figures 2 and 3 show the thermal structure and pho-
tochemistry profiles, respectively, calculated using the
models described in Sections 2.1 and 2.2 applied to HD
189733b, XO-1b, CoRoT-2b and WASP-12b. The ther-
mal profile found for HD 97658b is shown in Figure 4(a)
and its photochemical models are shown in Figure 4(b).
In all Figures, the photochemical mixing ratios are shown
as solid lines, while the chemical equilibrium values are
plotted as dotted lines. Our results agree with published
models (see table 1). Small differences in individual val-
ues are due to slightly different chemical schemes, ther-
mal profiles, different metallicity, UV fluxes used, and
cross sections adopted.
3.1.1. HD 189733b
HD 189733b is the most studied planet among the ones
analyzed in this paper. As shown in Figure 2, its ther-
mal model profile is isothermal in the upper atmosphere,
with an equilibrium temperature of 1192 K, when adopt-
4TABLE 1
Planetary data of the known planets modeled.
Planet a (AU) Mp (MJup) Rp (RJup) Log10(g) Reference to recent atmospheric calculations
HD 189733b 0.031 1.14 1.138 3.341 Line et al. (2011); Moses et al. (2011); Venot et al. (2012), this paper
XO-1b 0.04928 0.918 1.206 3.211 Moses et al. (2012), this paper
CoRoT-2b 0.02809 3.270 1.466 3.548 Moses et al. (2012), this paper
WASP-12b 0.02253 1.139 1.79 3. Kopparapu et al. (2012); Moses et al. (2012), this paper
HD 97658b 0.0796 0.0247 0.2088 3.19 This paper
TABLE 2
Stellar data of the known
planets modeled.
Star R⋆/R⊙ Teff,⋆ (K)
HD 189733 0.756 5040
XO-1 0.934 5750
CoRoT-2 0.902 5630
WASP-12 1.63 6300
HD 97658 0.703 5119
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Fig. 2.— Temperature-pressure profile calculated for HD
189733b, XO-1b, CoRoT-2b and WASP-12b.
ing a 0.01 Bond albedo, reaching ∼ 1500 K at about 100
bars. Our thermal profile is in good agreement with the
profiles calculated by other authors like Burrows et al.
(2008) and Showman et al. (2009) this last authors per-
formed detailed simulations with a global 3D model cou-
pled with a nongray cloud-free radiative transfer code.
Other authors (Line et al. 2010; Venot et al. 2012) use a
similar T-P profile.
HD 189733b mixing ratios are shown in Figure 3(a),
with CO, H2O and H being the major gases in its atmo-
sphere. The mixing ratios of H2O varies between 10
−3
and 10−4 until it dissociates at 5× 10−6 bars. The CH4
mixing ratio varies between 10−3 and 10−8 for P> 0.001
bars. OH and O show mixing ratios less than 10−9 for
P>0.001 bars. CO mixing ratio vary between 10−3 and
10−4. The CO2 mixing ratio is about ∼ 10−9 for values
above 5× 10−6 bars, for lower pressures it increase (due
to water photolysis) and then decrease again due to its
own dissociation.
When comparing with other studies we find that CO
mixing ratio has similar values in all three comparison
studies, but the pressure when the mixing ratio starts
to decrease as a consequence of water photolysis de-
pends on the water dissociation level in the atmosphere.
For H2O, our model agree with models by Moses et al.
(2011) and Venot et al. (2012). Note that Line et al.
(2011) find the dissociation pressure at a lower pres-
sure of 10−8. CO2 decreases due to its own photoly-
sis at below 5 × 10−6 bars in our model, in agreement
with Moses et al. (2011) and Venot et al. (2012). Note
that Line et al. (2011) find dissociation at lower pressure
of 10−8 bar for this molecule. We find CH4 levels be-
tween 10−3 and 10−5 down to pressures of 10−4 bars in
agreement with Moses et al. (2011). Other models find
methane levels between 10−4 to 10−5 down to pressures
of 10−8 bars (Line et al. 2011) and 10−5 and 10−6 down
to pressures of 10−4 bar (Venot et al. 2012).
3.1.2. XO-1b
The thermal profile for XO-1b is shown in Figure 2 and
presents a isothermal profile with ∼1200 K (assuming an
albedo of 0.01) in the upper atmosphere and tempera-
tures close to 1800 K in the optically thick region, in
agreement with models adopted by Moses et al. (2012).
XO-1b photochemical mixing ratios are shown in Fig-
ure 3(b), showing H, CO, H2O and CH4 as the major
gases in the atmosphere. H2O has a mixing ratio between
10−3 and 10−4 until its dissociation, at ∼ 5× 10−5 bars.
CO2 shows a mixing ratio between 10
−8 and 10−7. Wa-
ter photolysis affects the mixing ratios of other molecules
(see section 3.2) and for that reason CO2 has a local max-
imum at ∼ 5 × 10−5 bars, below that pressure it starts
to decrease due to its own photolysis. CO, shows a sim-
ilar behavior and a mixing ratio between 10−4 and 10−3
until it starts to decrease at ∼ 10−7 bars. H mixing ratio
is also affected by water photolysis, becoming the major
gas in the upper atmosphere. CH4 reaches the quench
level at a pressure close to 1 bar and starts to decrease
at 10−4 bars.
Our results agree with Moses et al. (2012), with mi-
nor differences caused by different metallicities and stel-
lar flux used in both models. While Moses et al. (2012)
adopted a metallicity of Fe/H=1.5× solar and use the
solar spectral flux as an input in their photochemical
calculations, we use a solar metallicity and our incoming
stellar flux is from a G0 star whose flux in the UV is
higher than the Sun (following Kopparapu et al. (2012),
figure 3). As a consequence, H2O starts to dissociate
at 10−6 bars for Moses et al. (2012) and at∼ 5 × 10−5
in our simulations. This change in the H2O dissociation
also bring minor changes in the CO2 and CO mixing
ratios, but does not influence the overall agreement sub-
stantially.
3.1.3. CoRoT-2b
CoRoT-2b thermal profile is shown in Figure 2. This
planet has an equilibrium temperature of 1536 K (as-
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Fig. 3.— Mixing ratios vs. pressures for HD 189733b (Figure 3(a)), XO-1b (Figure 3(b)), CoRoT-2b (Figure 3(c)) and WASP-12b (Figure
3(d)). The solid lines show the results when disequilibrium chemistry due to vertical mixing and photochemistry is included, while the
dotted lines show the mixing ratios in equilibrium.
suming an albedo of 0.01). Our thermal profile is sim-
ilar to retrieval models (Madhusudhan & Seager 2009;
Madhusudhan et al. 2011; Madhusudhan 2012), but dif-
fers from the ones adopted by (Moses et al. 2012).
Figure 3(c) shows the photochemical and equilibrium
mixing ratios of CoRoT-2b. H, CO and H2O are the most
abundant species in the model atmosphere. H2O has a
mixing ratio between 10−3 and 10−4 until it gets pho-
tolyzed at ∼ 10−4 bars. Water photolysis affects other
molecules like CO2 which has a local maximum due to
H2O dissociation at ∼ 10−4 bars. CO mixing ratio is be-
tween 10−3 and 10−4 in our models and methane quench
level is at 1 bar and its abundance is lower than in the
previous cases, because this planet is hotter than HD
189733b and XO-1b.
Moses et al. (2012) adopted a metallicity of 0.5× so-
lar for the case of solar C/O. They also use as input the
solar flux scaled at CoRoT 2b semimajor axis, while we
use solar metallicity and the same G0 star as for XO-1b.
This difference in the stellar flux explains the difference
in the mixing ratios of the major molecules. H2O pho-
tolysis occurs at a lower pressure for Moses et al. (2012),
at 10−6 bars. This also affects the mixing ratios of other
molecules as CO2 whose local maximum consequence of
water dissociation occurs at 10−7 bars in these models.
CO and methane present minor changes.
3.1.4. WASP-12b
WASP-12b is the hottest planet among the known
planets modeled in this paper. It has an equilibrium
temperature of 2577 K (adopting an albedo of 0.01)
and its thermal profile is shown in Figure 2. Our ther-
mal profile for WASP-12b agrees with retrieval mod-
els (Madhusudhan & Seager 2009; Madhusudhan et al.
2011; Madhusudhan 2012), but differs from to the
ones adopted by other authors (Kopparapu et al. 2012;
Moses et al. 2012).
Mixing ratios of WASP-12b are shown in Figure 3(d).
H, CO and H2O are the major gases in the atmosphere,
while CH4 has a very low mixing ratio as a consequence
of the high temperature of the planet and therefore is
not expected to have significant abundance at the ob-
servable pressure levels. H2O has a mixing ratio between
10−3 and 10−4 for P> 10−4 bars and start to dissociate
at 5 × 10−4 bars. As seen in the previous cases, H2O
dissociation also affects the mixing ratios of the rest of
6the major species in the upper atmosphere. CH4 shows a
mixing ratio less than 10−5, CO a mixing ratio between
10−3 and 10−4 and CO2 a mixing ratio close to 10−9
until its dissociation at 10−4 bars.
When comparing with other authors, we notice more
differences than the other three cases because the initial
assumptions and thermal profiles of Moses et al. (2012);
Kopparapu et al. (2012) are different from ours. To
compare between models we keep metallicity and C/O
ratio constant in our grid as explained in section 2.2.
Moses et al. (2012) adopted 3 times solar metallicity for
this planet which influences in the comparison. Another
difference is the eddy diffusion coefficient adopted, which
isKZZ = 10
10 cm2/s for Moses et al. (2012), andKZZ >
1010 cm2/s for Kopparapu et al. (2012) in the upper at-
mosphere and close to KZZ = 10
9 cm2/s for P> 10−2
bars. Both values are higher than KZZ = 10
9 cm2/s
adopted in our paper. Despite these differences, the CO
profile is very similar in the three cases, while there are
some differences in the H2O, CH4 and CO2 profiles. H2O
has a similar mixing ratio in the three cases, but its dis-
sociation starts at a lower pressure in our model, as a
consequence of the hotter thermal planetary profile. The
CO2 mixing ratio profile by Kopparapu et al. (2012) is
very similar to the one we find, except in the upper at-
mosphere, where it is affected by the differences in the
H2O photolysis. Moses et al. (2012) found a larger mix-
ing ratio of CO2, related to the larger metallicity they
adopt in their model. Our methane mixing ratio profile
is very similar to the one by Moses et al. (2012), being
∼ 10−5 at 100 bars, and decreasing close to the chemical
equilibrium curve until ∼ 10−4 bars. As a consequence of
their cooler thermal structure, Kopparapu et al. (2012)
have a larger mixing ratio in the region between 10−2
to 10−4 bars, which is close to 10−10 while Moses et al.
(2012) and our results show mixing ratios of ∼ 10−14.
3.1.5. HD 97658b: a planet with an atmosphere in
thermochemical disequilibrium
Dragomir et al. (2013) announced the discovery of HD
97658b, which is a transiting planet of 7.862 M⊕, radius
of 2.34 R⊕ and whose host star has T=5119 K and R =
0.703 R⊙. The mass and radius of HD 97658b implies a
low density, which suggests that this planet might have
an atmosphere of volatiles.
Howe & Burrows (2012) made some predictions about
HD 97658b’s atmospheric observables, by assuming sim-
ilar atmospheric properties as the cool GJ 1214b. They
didn’t present photochemical models specifically for this
planet. Here, we assume that it has an atmosphere with
significant H/He (and solar elemental abundances) and
model this planet and its potential atmosphere. This is a
first model for HD 97658b’s atmosphere. Note that other
C/O ratios, albedos and metallicities will influence these
results. Figure 1 shows the location of this planet in our
grid, close to the lower temperature limit.
Figure 4(a) shows the thermal profile model for HD
97658b, with an equilibrium temperature of Teq = 731 K
when adopting a 0.01 Bond albedo. The photochemical
mixing ratios for this planet are shown as solid lines in
Figure 4(b). As dotted lines we show the equilibrium
values, where the model shows a thermochemical dise-
quilibrium for pressures P<1 bar. Our model shows that
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Fig. 4.— Thermal profile (Figure 4(a)) and mixing ratios of the
major chemical species (Figure 4(b)) for HD 97658b . The solid
lines show the results when disequilibrium chemistry due to vertical
mixing and photochemistry is included, while the dotted lines show
the mixing ratios in equilibrium. A value of KZZ = 10
9 cm2/s was
adopted.
H2, H2O, CO, H and CH4 are the most abundant gases
in HD 97658b’s atmosphere.
H2O has a mixing ratio between 10
−3 and 10−4, until
it starts to dissociate. The planet is relatively far from
its host star (a=0.0796 AU), when compared with other
planets considered in this paper, receiving a lower UV
flux from its host star. As a consequence, H2O starts
to dissociate relatively high in the atmosphere (∼ 10−6
bars) and its dissociation is not as efficient as for planets
closer to their host stars.
Since this is a cool planet, CH4 abundance is relatively
high, with a mixing ratio between 10−4 and 10−5, un-
til it starts to decrease at 10−5 bars. CO2 is relatively
abundant, with a relatively constant profile close to 10−4
down to 10−5 bars, that increases as a side effect of water
photolysis (see 3.2). CO has a mixing ratio between 10−3
and 10−4 in all the pressure range explored. H replaces
H2 as the major species in its atmosphere at P< 5×10−6
bars.
We adopted an eddy diffusion coefficient of KZZ =
109 cm2/s here. Section 4.1 discusses how different val-
ues influence the chemical abundance of major species in
the upper atmosphere.
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3.2. Grid of planetary atmospheres between 0.01 and
0.1 AU around MKGF host stars
We use our model to build a grid of mini-Neptune and
giant planet atmospheres to explore the characteristics
of a wide range of exoplanets. This grid links astrophysi-
cal observables with exoplanets atmospheric composition
and can be used as a reference for current and future ob-
servations and retrieval analysis.
This grid is applicable to any hot exoplanet (
700<T<2800 K) with H-dominated atmosphere of solar
composition and a surface gravity of log(g) ≃ 3.4. This
value was chosen as a mean value that can be applied to
model mini-Neptunes or giant planets, as shown in Fig-
ure 5, where the surface gravity is shown as a function
of the planetary mass1.
We assume that the primary atmosphere is mainly
composed of H and He, with elemental abundances of
solar composition. Our grid models the thermal profile
and mixing ratios of planets between 700 K and 2800
K, what corresponds to planets located at 0.01, 0.015,
0.025, 0.05 and 0.1 AU of their hosts stars, assuming a
planetary albedo of 0.01.
We use the stellar fluxes for an F (Teff,⋆ =7000 K,
R⋆ = 1.5R⊙), G (Teff,⋆ =6000 K, R⋆ = 1.1R⊙) and
K stars (Teff,⋆ =5000 K, R⋆ = 0.8R⊙) calculated by
Rugheimer et al. (2013), based on stellar models taken
from the ATLAS synthetic spectra (Kurucz 1979) com-
bined with UV observations from the International Ul-
traviolet Explorer (IUE) archive 2. For the M star
(Teff,⋆ =3800 K, R⋆ = 0.62R⊙), we use the emission
flux of an inactive M star from the dust model devel-
oped by Allard et al. (2001). We use the luminosity of
a main sequence star based on its effective temperature
and calculated the flux received at the top of the planet
atmosphere using the inverse square law of the distance
to get the correct flux for each planet’s semimajor axis.
Note that the inactive Mstar model we use assumes no
chromospheric activity (Allard et al. 2001), what might
overestimate the differences between active and inactive
1 Figure 5 was made using the data published in
http://exoplanets.org/ (Wright et al. 2011)
2 http://archive.stsci.edu/iue/
stars if some chromospheric activity is present in realis-
tic inactive Mstars (see also Seager et al. (2013)). Many
main sequence M stars present strong chromospheric ac-
tivity that produces high-energy radiation. We will ad-
dress the effect of activity on a planet’s spectra in a future
paper.
3.2.1. Grid of thermal profiles
Figure 6 show the grid of atmospheric temperature
vs. pressure. Planetary semimajor axis are indicated
at the top and the different host star types are shown
on the right side of the grid. As expected, temperatures
are cooler when the planets orbit further away from the
star (see Spiegel et al. (2010) for similar results for plan-
ets around a solar-type star), with the planet located at
0.025 AU from a M star being the coolest and the one
orbiting a F star at 0.025 AU the hottest planet consid-
ered in our grid (assuming the same albedo of 0.01 for
all planets). Figure 6 shows that the planetary thermal
profiles typically show an isothermal layer in the upper
atmosphere, which is optically thin and the most rele-
vant part when considering the gases that are observable
in the spectra. While the incident stellar flux is absorbed,
the atmosphere goes from the optically thin to optically
thick regime in a transition region, followed by a final, op-
tically thick, nearly isothermal profile below that. Con-
vection is likely to be the most efficient energy transport
mechanism at these depths, which is not consider in this
paper (see discussion in Section 4.3), therefore we do not
consider our results below ∼1 bar reliable. Note that our
radiative models give similar results as observations and
models by other groups (see section 3.1), even at higher
pressures.
Chemical kinetics timescales required to maintain the
species in equilibrium with each other are shorter than
vertical mixing for high temperatures and pressures.
Therefore, chemical equilibrium is reached faster at high
pressures, deep in the atmosphere of these gaseous plan-
ets. Chemical disequilibrium dominates the upper atmo-
sphere of highly irradiated planets, where densities are
low and disequilibrium processes have shorter timescales.
Furthermore, in highly irradiated atmospheres stellar UV
radiation photodissociate molecules in the upper atmo-
sphere, causing escape and recombination of atoms.
3.2.2. The effect of UV flux only on a exoplanet’s
atmosphere
In order to study the effect of stellar flux alone on
photochemical mixing ratios in the atmosphere, we per-
formed simulations using the same thermal profile and
vertical mixing, but adopting different stellar fluxes. Fig-
ure 7 shows the mixing ratios of different species as a
function of pressure for planets with the same thermal
structure and eddy coefficient (KZZ = 10
9cm2/s), but
different stellar fluxes. For the thermal structure, we use
the temperature-pressure profile of a planet located at
0.025 AU of a K star as an example (row 3, column 3 in
Figure 6), the stellar fluxes are the same adopted in the
grid calculations.
The different photochemical mixing ratios found in
each case are shown in different colors in Figure 7, or-
ange (F star), red (G star), brown (K star) and black
(M star). H2O and CH4 are the species most affected
by the stellar UV flux and the resulting photochemistry.
8 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  3500
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
0.01 AU 0.015 AU 0.05 AU 0.1 AU
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  3500
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
F
G
K
M
0.025 AU
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  350
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  3500
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  3500
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  350
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  3500
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
1
10
0.1
0.01
0.001
1e-4
1e-5
1e-6
P
re
s
s
u
re
 (
b
a
rs
)
1000 1500 2000
Temperature (K)
2500 3000
1000 1500 2000
Temperature (K)
2500 3000
Teq=961.85 K
Teq=1353.44 KTeq=1914.06 K Teq=957.03 K
Teq=1303.83 KTeq=1843.89 KTeq=2607.6 K
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  3500
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  350
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
Teq=1360.26 K
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  350
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  350
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
Teq=2150.76 K
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  3500
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
Teq=910.09 K
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  350
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
 1e-06
 1e-05
 0.0001
 0.001
 0.01
 0.1
 1
 10
 100
 500  1000  1500  2000  2500  3000  350
P
re
s
s
u
re
 (
b
a
rs
)
Temperature (K)
Teq=1439 K
500 1000 1500 2000
Temperature (K)
2500 3000
1
10
0.1
0.01
0.001
1e-4
1e-5
1e-6
P
re
s
s
u
re
 (
b
a
rs
)
500 1000 1500 2000
Temperature (K)
2500 3000
1
10
0.1
0.01
0.001
1e-4
1e-5
1e-6
P
re
s
s
u
re
 (
b
a
rs
)
500 1000 1500 2000
Temperature (K)
2500 3000
Teq=1808.4 K
Teq=1173.7 K
Teq=2468.6 K
1
10
0.1
0.01
0.001
1e-4
1e-5
1e-6
P
re
s
s
u
re
 (
b
a
rs
)
Fig. 6.— Grid of planetary temperature-pressure profiles for H-dominated planets as a function of their semimajor axis. The 5 columns
present the distance of the planet from their host star for 0.01, 0.015, 0.05, 0.025, and 0.1AU, from left to right respectively. The different
rows show the model results for planets orbiting different host stars. Planets around inactive F (Teff,⋆ =7000 K), G (Teff,⋆ =6000 K),
K (Teff,⋆ =5000 K) and M (Teff,⋆ =3800 K) stars are shown in rows 1, 2, 3 and 4, respectively. An albedo of 0.01 was adopted for all
planets to calculate the equilibrium temperature with the individual results shown in each panel.
The effect of vertical mixing and photochemistry com-
pete in the atmosphere. Here we investigate the effects
of photodissociation, the effect of vertical mixing is ex-
plored in section 4.1. As expected, at lower pressures in
the atmosphere (P< 10−4 bars) photolysis has shorter
timescales than vertical mixing and its effects are even
larger when the planet is irradiated by a higher UV flux
and therefore mixing ratios change when going from an
M to an F star. When larger amount of photons are irra-
diating the atmosphere, they reach lower altitudes, and
therefore dissociation starts at higher pressures. Disso-
ciation of H2O starts at 10
−4 bars when the planet is
irradiated by an F star and at ∼ 10−7 bars for an M star
case. The differences are even larger for methane, which
starts to dissociate at 0.01 bars for the F star case and
at ∼ 10−7 bars for the M star. CH4 dissociates creating
CH3, H and CH2 and H, therefore methane dissociation
creates H. Large amounts of H are also created due to
water photolysis. Dissociation of H2O also creates OH,
which reacts with H2, destroying it. This effect is impor-
tant in the upper atmosphere, with a H2 mixing ratio of
10−2 for a planet irradiated by an F star and close to
1 for a planet irradiated by an M star at ∼ 10−7 bars.
Due to this effect, the ratio of H to H2 is higher when
going from low to high UV stellar emission (i.e. from
M to F stars). CO combines with OH (product of H2O
dissociation), forming CO2, that has a local maximum
when this happens, at the pressure where water starts to
dissociate, then it decreases due to its own dissociation
reaching lower mixing ratios for the case of the planet
irradiated by the F star. Another effect of water dissoci-
ation is the production of O by the reaction between H
and OH, which reaches higher mixing ratios in the atmo-
sphere, reaching a mixing ratio close to 10−5 at different
pressures, according to the pressure levels where water
starts to dissociate in the atmosphere. Water photolysis
dominates the chemistry in the upper atmosphere, being
the effects larger when going from the M to the F star. In
summary, high stellar UV flux (e.g. F star) leads to in-
crease of mixing ratios of H, OH and O, a small increase
in CO2 and the destruction of H2. For planets around
stars with low UV fluxes (e.g. inactive M stars) H2, H,
H2O, CO and CH4 are the most abundant chemicals in
the observable part of the planet’s atmosphere.
3.2.3. Grid of photochemical models
The volume mixing ratios of the major gases in the at-
mosphere as a function of pressure in the grid are shown
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Fig. 7.— Pressure vs. volume mixing ratios for different chemical species. To study the effect of stellar UV flux only, we use the same
thermal profile for a planet located at 0.025 AU from a K star (row 3, column 3, in Fig. 6), but change the stellar UV fluxes according to
the stellar type: M (black), K (brown), G (red) and F (orange) stars. We adopted KZZ = 10
9 cm2/s.
in Figure 8, where the stellar types of the host star and
semimajor axis of the planets are shown on the right
and top of the grid, respectively. In this figures, dif-
ferent colors show the major chemical species in dotted
lines when they are driven by equilibrium chemistry only
and in solid lines when disequilibrium chemistry is also
taken into account. As expected at high temperatures
and pressures, equilibrium mixing ratios for all species
are maintained in the atmosphere (below ∼1 bar). Equi-
librium levels can be maintained even at lower pressures
(P< 10−5 bars) for the hottest planet around inactive M
stars, due to low UV flux emission. It is also shown in
the models of the hottest planets in our grid (with equi-
librium temperatures close to 2800 K), where the mixing
ratios of all chemical species are close to the equilibrium.
This is expected because equilibrium is reached faster
at high temperatures and pressures, where the chemical
equilibrium timescales (τeq) are shorter than disequilib-
rium processes (τdis,eq). Cooler temperatures and low
pressures favor disequilibrium (τeq > τdis,eq), which is
relevant for high altitudes in the atmosphere. There-
fore, the quench level where τeq ∼ τdis,eq , is a function of
10
the temperature, pressure and vertical mixing and will
not occur at the same temperature and pressure for all
chemical species, because it depends on the time scale
for the fastest reactions that produce and destroy the
molecule (Fegley & Prinn 1985). For example, methane
departs from equilibrium deeper in the atmosphere than
any other chemical species in our models for all the plan-
ets of our grid.
As seen in Figure 7, high in the atmosphere the UV
photons coming from the star are absorbed and the re-
sulting photochemistry dominates the chemical compo-
sition of the planet’s atmosphere. One of the main ef-
fects is the production of large amounts of H and OH
due to the photolysis of H2O, followed by a destruc-
tion of molecular hydrogen due to its reaction with the
produced OH (see e.g. Liang et al. (2003); Moses et al.
(2011); Kopparapu et al. (2012)). Therefore, while large
amounts of H are created, H2 is destroyed and replaced
by H as the main atmospheric species high in the atmo-
sphere. This effect is larger when the photolysis of H2O
is larger. Therefore, as seen in Figure 8, there is more H
and less H2 when the planets are closer to the star, being
exposed to more UV radiation.
CO is the dominant carbon compound in all the plan-
etary atmospheres in the grid. Its abundance is set by
thermochemical equilibrium, except high in the atmo-
sphere (P< 10−5) where it has a local maximum product
of water photolysis, except for the hottest planets in our
grid, where equilibrium chemistry dominates even at low
pressures.
Methane is more stable at lower temperatures and
therefore its abundance increases when going from hot
to cooler planets in the grid. In addition, looking at
planets with the same semimajor axis but orbiting dif-
ferent stellar types, CH4 abundance increases also with
decreasing stellar temperature, dominated by the effects
of decreasing stellar UV. Methane is less efficiently recy-
cled and therefore, even more affected by photodissocia-
tion. CH4 is not present in significant amounts high in
the atmosphere (above 10−5 bars) in the planets in our
grid, with the exception of the cool planets around the M
star, which are exposed to very low UV radiation and are
cool enough to maintain a large abundance of methane
in the atmosphere. The other exceptions to this are the
cases of a higher vertical mixing in the atmosphere (see
section 4.1).
As seen in Figure 8, the mixing ratio of atomic O in-
creases at high altitudes in all models, due to its pro-
duction through water photolysis in the atmosphere.
Atomic oxygen is also lost due to the backwards reac-
tion, but can be transported up to very low pressures,
where it is distributed over large radial distances due to
hydrodynamic winds and other processes present in the
thermosphere, as explained by several authors (see e.g.,
Murray-Clay et al. (2009); Lammer et al. (2009)). Low
planetary temperatures (e.g. for large orbital distances)
show an increase of CH4. For hot planets (e.g. with small
orbital distances) H, H2 and CO are the most abundant
chemicals in the observable part of the planet’s atmo-
sphere.
3.3. Equilibrium vs. Disequilibrium chemistry
Figures 3, 4(b) and 8 show the comparison between
models that use equilibrium (dotted lines) vs. non equi-
librium (solid lines) chemical processes in exoplanet at-
mospheres. The chemistry in mini-Neptune and giant
exoplanet atmospheres is driven by disequilibrium pro-
cesses (vertical mixing, photochemistry, molecular dif-
fusion) for all planets with temperatures (T / 2500K)
in our grid, with differences of several orders of mag-
nitude to the corresponding equilibrium chemistry cal-
culations. This occurs at pressures of P/ 10 bars, for
all the planets in our grid including the known exoplan-
ets HD189733b, XO-1b, CoRoT-2b (Figures 3(a), 3(b),
3(c)) and HD 97658b (Figure 4(b)), except for the hottest
planets with T > 2500K, where the entire atmosphere is
dominated by equilibrium chemistry: the planet at 0.015
AU around an G star, the planet at 0.025AU around an F
star. WASP-12b is dominated by equilibrium chemistry
for P¡0.001 bars (Figure 3(d)). Equilibrium chemistry
dominates deeper regions (P' 10 bars) for all planets
modeled. Only regions with P/ 10 bars are observed re-
motely, therefore, we can not ignore the effects of disequi-
librium chemistry when exploring the observable species
in these exoplanet atmospheres.
Figure 8 shows that for all planets in the grid dise-
quilibrium chemistry lowers the abundance of H2, H2O
and CO and increases the abundance of CH4, H, O and
OH in the planet’s atmosphere. Ignoring disequilibrium
chemistry would severely overestimate the abundance of
H and H2O and underestimate the abundance of CH4
(for the intermediate atmosphere, it is dissociated in the
upper atmosphere), H, O and OH in the observable pres-
sure region for planets with T / 2500K.
Figures 3 and 4(b) show that using equilibrium chem-
istry only would overestimate the abundance of H2, H2O
and CO for the know exoplanets HD 189733b, XO-1b,
CoRoT-2b, WASP-12b and HD 97658b. Note that the
effects are smaller for WASP-12b because it is a hotter
planet with a Teq of 2577 K (for A=0.01). Especially the
abundance of CH4, H2O, H and H2 are critically depen-
dent on disequilibrium chemistry as shown in Figures 3
and 4(b).
4. DISCUSSION
Here we discuss some model parameters that influence
our results, vertical mixing in section 4.1, clouds and
hazes in section 4.2, our assumption of radiative profile
in section 4.3 and elemental abundances in section 4.4.
4.1. Effect of vertical mixing
The eddy diffusion coefficient is included in 1D pho-
tochemical models (Line et al. 2010; Moses et al. 2011,
2012), to represent the vertical mixing processes that
occur in planetary atmospheres. This coefficient is
hard to determine observationally or through experi-
ments. Some authors use it as a free parameter (see e.g.,
Moses et al. (2012)). Others, adopt a coefficient propor-
tional to a globally averaged wind profile from GCM’s
results, where the proportional factor is the scale height
(Line et al. 2010; Moses et al. 2011). In a recent paper,
Parmentier et al. (2013) compared 1D and 3D models
and derived a KZZ value that represents the averaged
tracer profiles for HD 209458b. These recent results are
two orders of magnitude smaller than previous ones ob-
tained using the root mean square of the vertical veloc-
ity. These new results suggest that mixing in hot-Jupiter
atmospheres is potentially not as strong as previously
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Fig. 8.— Grid of mixing ratios vs pressure for H-dominated planet models orbiting inactive F (Teff,⋆ =7000 K), G (Teff,⋆ =6000 K), K
(Teff,⋆ =5000 K) and M (Teff,⋆ =3800 K) stars (1, 2, 3 and 4th row, respectively). The 5 columns present the distance of the planet from
their host star for 0.01, 0.015, 0.025, 0.05 and 0.1AU, from left to right respectively. The solid lines show the results when disequilibrium
chemistry due to vertical mixing and photochemistry is included, while the dotted lines show the mixing ratios in equilibrium.
thought. However, these estimates are an approximation
from GCM models calculated for one specific planet and
can not be taken as a general result for other planets.
Given the uncertainty of KZZ , we model two ex-
treme and one intermediate value here in order to ex-
plore the degeneracies in the abundance of observable
species on this parameter. Following Parmentier et al.
(2013) we choose two extreme values that are the mini-
mum and maximum values derived in their parametriza-
tion and one intermediate value: KZZ = 10
8 cm2/s,
KZZ = 10
12 cm2/s and KZZ = 10
10 cm2/s, respec-
tively. Figure 9 shows the influence of the eddy diffu-
sion coefficient on the volume mixing ratios as a function
of pressure for four planets in our grid located at 0.01,
0.015, 0.025 and 0.05 AU from a K star. Figure 9 shows
semimajor axis at the top and the KZZ values on the
right side.
Figure 9 shows that the pressure where the quenched
level is reached depends on the vertical mixing. Strong
mixing in the atmosphere implies that molecules like
CO and CH4 will be quenched at higher pressures,
deeper in the atmosphere, than for weaker vertical mix-
ing. CO2 shows the same behavior for semimajor axis
of 0.025 and 0.05 AU.The effects of vertical mixing on
the mixing ratios of CO and CH4 was also studied by
Visscher & Moses (2011). They analyzed the abundance
of CO in the atmosphere of Gliese 229b and CH4 in HD
189733b and found similar results.
In the all cases shown in Figure 9, the mixing is efficient
enough to maintain the concentrations of the species well
mixed very deep in the atmosphere, where the equilib-
rium chemistry dominates. Two effects dominate dise-
quilibrium chemistry at high altitudes: vertical mixing
and dissociation driven by the UV flux received from the
star. Photodissociation of atmospheric molecules due to
absorption of energetic photons maintains chemical dise-
quilibrium within the atmosphere, but fast reaction rates
in a well mixed atmosphere enable recombination of the
molecules split apart by photochemistry. Therefore pho-
tochemistry becomes relevant at low pressures in the at-
mosphere, and it is more efficient when vertical mixing
is weak. Figure 9 shows that for KZZ = 10
12 cm2/s
to KZZ = 10
8 cm2/s (from stronger to weaker vertical
mixing) dissociation becomes more efficient.
Therefore, some molecules that would dissociate at rel-
atively low pressures for a small eddy coefficient, will
dissociate at even lower pressures when the mixing is
stronger in the atmosphere, becoming one of the major
species in the upper atmosphere, like CH4 for planets lo-
cated at 0.025 and 0.05 AU. Figure 9 shows that CH4 is
photodissociated at ∼ 10−5 bars for KZZ = 108 cm2/s,
but has a mixing ratio higher than CO for the same pres-
sure for KZZ = 10
12 cm2/s, showing that the tempera-
ture (due to its semimajor axis) is only one of the relevant
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Fig. 9.— Comparison of the mixing ratios for different eddy diffusion coefficients for planets orbiting a K (Teff,⋆ =5000 K) star.
The different rows show the mixing ratios as a function of pressure for KZZ = 10
8 cm2/s (top), KZZ = 10
10 cm2/s (middle) and
KZZ = 10
12 cm2/s (bottom). Solid lines show disequilibrium chemistry results, dotted lines show the mixing ratios in equilibrium.
factors when determining major observable constituents
in an exoplanet’s atmosphere.
CO2 and H2O also show this behavior. A higher dis-
sociation of H2O molecules implies less H2 and more H
in the atmosphere, what is shown in Fig. 9 when go-
ing from stronger to weaker eddy diffusion coefficients.
H2 is the major gas in the atmosphere for KZZ =
1012 cm2/s. H becomes the dominant gas for KZZ =
108 cm2/s, which could be relevant for atmospheric
escape studies in hot exoplanets (e.g., Lammer et al.
(2013); Kurokawa & Kaltenegger (2013)). Therefore
quantitative measurements from observations of these
gases in the atmospheres of hot extrasolar giant plan-
ets and mini-Neptunes are needed to constrain the value
of the vertical mixing in hot exoplanets atmospheres.
4.2. Clouds and hazes
We do not consider the existence of atmospheric con-
densates in our models. The presence of clouds and
atmospheric hazes can lead to variations in the opac-
ities, that can alter the thermal profile in the atmo-
sphere. The presence of clouds were inferred for Kepler-
7b (Demory et al. 2013) and observations made with the
Spitzer space telescope of the dayside atmospheres of
some hot-Jupiters that presented an excess of emission
that was interpretated as thermal inversions in the atmo-
sphere (e.g.Burrows et al. (2007); Knutson et al. (2008)).
We do not include thermal inversions in the temperature
and profiles presented, in order to limit the number of
free parameters we explore in this paper. An exploration
of possible inversions in these exoplanet atmospheres will
be address in a future paper.
4.3. Radiative profile
Our assumption of a pure radiative model in planets
with an extended hydrogen and helium atmosphere is
supported by models by several groups (Guillot et al.
1996; Guillot & Showman 2002), which show that highly
irradiated hot-Jupiters present an extended radiative
layer. Note that models by Dobbs-Dixon & Lin (2008),
showed that in some cases, the night side of planets might
have a convective layer even at low optical depths. Hotter
planets may also exhibit weaker global energy redistri-
bution giving them stronger day/night temperature con-
trasts (e.g.,Cowan & Agol (2011)), not considered in our
model grid.
4.4. Different elemental abundances
The atmospheric elemental abundances of hot exo-
planets may differ from that of their host stars. It
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is an unknown and therefore another parameter to ex-
plore using atmospheric models. Recent studies have
suggested that lower-mass planets may also have atmo-
spheres highly enriched in heavy elements (Fortney et al.
2013; Moses et al. 2013), which is a plausible explanation
to the apparent CO-rich, CH4-poor nature of GJ 436b
(Stevenson et al. 2010). High C/O ratios were suggested
in order to explain the abundances detected in WASP-
12b (Madhusudhan & Seager 2011; Moses et al. 2012),
while studies by Crossfield et al. (2012); Line et al.
(2013) show that there is no evidence for C/O≥ 1 in
WASP-12b atmosphere. Moses et al. (2012), also ex-
plored a range of different C/O ratios (0.1 <C/O< 2)
on the atmospheric composition of three exoplanets:
CoRoT-2b, XO-1b and HD 189733b, finding the first two
consistent with the assumption of high C/O ratios, and
HD 189733b consistent with a C/O≤ 1. These results
show that the elemental abundances expected for hot
exoplanets is so far not known.
In this paper we focussed on the influence of semimajor
axis, stellar flux and vertical mixing on the atmospheric
models of gas planets. To limit the parameter space to
explore, we adopted solar elemental abundances in the
atmospheres. The atmospheric composition and possible
deviations of the elemental abundances from solar values
on the grid will be explored in a future paper.
5. CONCLUSION
In this paper we present a grid that links astrophys-
ical observable data (orbital distance and effective stel-
lar temperature) with the atmospheric composition ex-
pected in hot-exoplanet atmospheres. The thermal and
photochemical atmospheric grid presented in this paper
can be applied to current and future planetary observa-
tions to inform what observable atmospheric species are
expected for H-dominated exoplanet’s atmospheres with
700 < Teq <2800 K.
We explored the effect of temperature and UV flux
linking them to observables like semimajor axis and stel-
lar type in the composition of hot and cool mini-Neptune
and giant planet atmospheres models. We used a one di-
mensional climate and photochemical code to study these
effects for five known extrasolar planets (HD97658b, HD
189733b, XO-1b, CoRoT-2b and WASP-12b) as well as
provide a grid of planets from 2800 K < Teq <700 K.
We build a grid of planets with different temperatures
assuming an albedo of 0.01, calculated based on their
semimajor axis (0.01, 0.015, 0.025, 0.05 and 0.1 AU), for
a grid of inactive M, K, G and F main sequence stars
(Teff,⋆ =3800, 5000, 6000 and 7000 K, respectively).
The different semimajor axis dominate thermal profiles
of the planets while the stellar spectral energy distribu-
tion affects the photochemistry of the atmospheres due
to UV radiation received by the planet.
We found that the atmospheres of the hottest planets
in the grid are dominated by H, H2, O, H2O and CO, with
the last one being the major carbon compound species
for all the planets in the grid. For the cooler planets
other gases like CH4 become dominant, due to the fact
that methane is more stable at lower temperatures.
Different stellar spectral types supply different levels
of UV flux, going from low flux for the inactive M star
(∼ 103 photons/s/cm2/A˚ for 1500A˚) to high UV flux for
the F star (∼ 1010 photons/s/cm2/A˚ for 1500A˚). This in
turn affects the photochemistry in a planet’s atmosphere
due to the dissociation of molecules occurring down to
higher pressure when going from M to F stars.
Our results show that CH4 and H2O are the most sen-
sitive species to UV flux, and this in turn affects the mix-
ing ratios of other major observable species like CO2, H,
H2, OH, having a higher photolysis rate, and therefore a
lower mixing ratio for pressures P/ 10−5 bars for plan-
ets orbiting an F star than an M star. As a result of
the photolysis of H2O, and the subsequent destruction
of H2 in the reaction with OH, large amounts of H are
produced, which replaces H2 as the major gas in the at-
mosphere, for planets receiving high UV radiation. This
effect is important when the photolysis of H2O is large
and therefore is higher when going from M to F host
stars.
Vertical mixing is important in exoplanet atmospheres,
since different possible values change the mixing ratios of
observable gases in the atmospheres. Mixing ratio of CH4
is indicative of the effect of vertical mixing and therefore
departure of equilibrium in the atmosphere, specially for
pressures close to 1 bar. When looking at lower pressures
(10−4 >P> 10−7bars), Other species, like H2O, H, H2 or
CO2 also indicate the efficiency of vertical mixing in the
atmosphere, with larger mixing ratios for stronger mix-
ing in the planet’s atmosphere. Dissociation becomes
less efficient when going from weak to strong vertical
mixing in the atmosphere, which affects the observable
atmospheric abundances of most of the species. Measure-
ments of these gases’ abundance for short orbital period
exoplanets can be used to explore and constrain vertical
mixing in these atmospheres.
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